Abstract: Morphological characteristics of ripples are analyzed considering bed surfaces as two dimensional random fields of bed elevations. Two equilibrium phases are analyzed with respect to successive development of ripples based on digital elevation models. The key findings relate to the shape of the two dimensional second-order structure functions and multiscaling behavior revealed by higher-order structure functions. Our results suggest that (1) the two dimensional second-order structure functions can be used to differentiate the two equilibrium phases of ripples; and (2) in contrast to the elevational time series of ripples that exhibit significant multiscaling behavior, the DEMs of ripples at both equilibrium phases do not exhibit multiscaling behavior.
INTRODUCTION
Identifying and quantifying the characteristics of sand waves is fundamental to the analyses of topography of river bed and its interrelations with flow and sediment transport (Ramsankaran et al., 2010; Rao and Kumar, 2009; Talukdar et al., 2012) . Despite significant efforts over last decades, it is still difficult to give assured answers to basic questions such as how to characterize a dune-covered bed, including bedform shapes, sizes, three-dimensionality, and their statistical natures (ASCE, 2002) . Coleman (2011) provided an excellent review related to the historical progression of observations and measurements of sand bed morphology. The first important method for the measurement is the ultrasonic depth-sounder which serves to revolutionize the measurement and analysis of dynamic subaqueous bed topography and introduces landmark advances in understanding and description of bedforms (Coleman, 2011) . By this useful tool, one dimensional time series of bed elevation can be easily obtained, from which bedform types, shapes, dimensions, and migration and transport rates have been studied (Jain and Kennedy, 1974; Nikora and Goring, 2000; Nikora et al., 1997) . The bed elevation data, however, are one dimensional, so that most research are restricted to investigate the temporal variation of elevation at one or several points. This one dimensional data cannot reflect the spatial variation of the bed topography; on the other hand, three dimensional (3D) pattern of sand waves has been widely reported (Ashley, 1990; Catano-Lopera et al., 2009) . The 3D characteristics of sand waves have significant meanings for studying the mechanism of sediment transport. For example, sand waves exhibiting 3D patterns can potentially increase or decrease form drag on the flow compared with equivalent two dimensional (2D) sand waves in similar flows . To characterize the 3D variation of the sand waves, analysis should be conducted based on highprecision digital elevation models (DEMs) directly. Significant advances have beed achieved in recent years based on the highprecision DEMs. By using a 3D-photogrammetric system, Aberle et al. (2012) tested a theoretically-based methodology for the determination of bed load transport and investigated the causes of highly-ordered sediment waves and important characteristics of a dune-covered sand bed.
Apart from the limitation of one dimensional data, there remains a real need to determine agreed reliable methodologies for estimating bedform characteristics (ASCE, 2002) . Even for the visually seemingly straightforward bedform trains of sand waves, it can be difficult to quantify representative bedform characteristics from measured bed profiles .
Two approaches are currently used in studying sand waves: the discrete and continuous approaches. The discrete approach represents the sand waves as a set of discrete units characterized by height, length, steepness, etc. The continuous approach views the sand waves as a random field of bed elevations Z(x,y,t) where x and y are the longitudinal (streamwise direction) and transverse coordinates, and t is time (Nikora and Goring, 2000) . Between these two approaches the first one is the most popular among hydraulic engineers, although the second one may provide important additional information unattainable within the first approach. As natural bed forms are invariably 3D in alluvial, estuarine and marine environments, the morphological simplification of sand waves has imposed inherent limitations on the interpretation and understanding of dune form and flow dynamics (Parsons et al., 2005) . Since the random field approach is more appropriate in studying sand waves than the discrete approach, moment functions such as correlations, spectra and structure functions have been widely used to study the characteristics of river beds (Aberle and Nikora, 2006; Butler et al., 2001; Nikora and Walsh, 2004; Nikora et al., 1998; Smart et al., 2002) .
Ripples is the name given to small triangular sand waves formed in the bed (Engelund and Fredsøe, 1982) . The bedform development of ripples shows a conspicuous two-phase behavior at flow velocity less than 0.49 m s -1 , while when velocity larger than 0.49 m s -1 , time interval between these two phases decreases results in a convergence of the two development phases (Baas, 1999) . In the first phase, ripple height and length increase along an exponential path reaching intermediate equilibrium values around 15 mm and 125 mm, respectively. After some time, a second phase commences that involves a rapid increase in bed-form size, ripple height and length, to the typical equilibrium values around 17 mm and 140 mm, respectively. Although Baas (1999) used terms such as 'larger size' and 'local linguoid' to characterize the geomorphological features of the second equilibrium phase, there is no simple and reliable method to directly differentiate these two equilibrium phases based on the morphological characteristics.
In this paper, we use the random field approach to characterize the morphological development of ripples and to differentiate the two equilibrium phases based on high precision DEMs in (1) two dimensional characteristics of ripples and (2) highorder moments of the elevation field of ripples.
CONCEPTS
Second-order structure functions (SSFs) is a common approach used to investigate the scaling behavior of river beds (Butler et al., 2001; Nikora et al., 1998; Qin and Ng, 2011; Qin et al., 2012) . For a surface exhibiting scaling behavior, the structure functions follow a power law. Therefore when presented in a loglog plot it should follow a power law. In general, the scaling behavior may depend on the lag orientation, and two dimensional structure functions can be employed to investigate the influence of the orientation on the scaling behavior. The generalized two dimensional second-order structure functions (2DSSFs) are estimated from
where <> means averaging operation, Z is elevation, l x = nδx, l y = mδy, δx and δy are the sampling intervals, and N and M are the total numbers of measuring points of bed elevations in direction x and y, respectively (Nikora and Walsh, 2004) . The SSFs characterize the mean value of the elevation field, while for surfaces exhibiting multiscaling behavior, higherorder structure functions analysis should be conducted (Gagnon et al., 2006; Singh et al., 2009; Tchiguirinskaia et al., 2000) . The scaling behavior of higher-order structure functions DGp(l) may be expressed as
where ξ p is scaling exponent, with ξ p = pH(p) for simple scaling and ξ ≠ pH(p) for multiscaling, p is the order of moments, H(q) is the Hurst exponent.
DATA COLLECTION
The laboratory experiments were carried out in a 20 m long, 5 m wide and 0.50 m high flume in the State Key Laboratory of Hydroscience and Engineering at the Tsinghua University, China. A schematic diagram of the flume experiment was shown in Fig. 1 (Lane et al., 2000) . Stereo-photographs were acquired using two single-lens reflex cameras (Nikon D7000), supported on a specially designed movable gantry. The cameras were mounted 1.8 m above the bed and separated by 0.30 m, with a base: distance ratio of approximately 1 : 6, which met general precision requirements. Three exposure stations were used for each surface which provided a coverage of a 1.0 m strip of exposed flume bed. The approximate focal lengths of the cameras were 35 mm. The interior parameters were calibrated before the experiment, and exterior parameters were determined using selfcalibrating bundle adjustment methods provided by ERDAS LPS 9.0 software. The DEMs were cropped to include only the sand waves at the center area of channels to remove the influence of boundaries. The area of the cropped DEMs was 1.20 m × 0.20 m. The test section was located 10 m from the inlet of flume so that neither the scour at the inlet section nor the downstream sill influenced the development of the bed topography. The grid size of DEM was 1 mm × 1 mm with vertical precision of 0.1 mm. In Fig. 3 , the DEMs of four surfaces were shown. Surface (A) shows somewhat regular distribution of sand waves, while irregular patterns were evident on remain surfaces. 
RESULTS

Stage of development of ripples
If the flow velocity is sufficient to move the individual sediment particles, an initially flat bed is spontaneously deformed into trains of somewhat irregular features called ripples (Kennedy, 1969) . The distinguishing characteristics of these bed forms are their shape, longitudinal section being approximately triangular, and their size, the individual ripples generally being less than 0.3 m in length and 0.03 m in height (Chien and Wan, 1999) . In this study, bedform height and length were measured from the DEMs directly. Mean heights were 0.006 m, 0.015 m, 0.018 m, and 0.021 m, and mean length were 0.128 m, 0.139 m, 0.147 m, and 0.158 m for surfaces (A), (B), (C), and (D) respectively, which are accordant with the size range of ripples. Another differentiation method of bedforms is proposed by , who presents a schematic SkewnessKurtosis plane to aid the interpretation of the structure of steady state and developing alluvial bed surfaces from measured bedelevation distributions. The absolute value of the skewness and kurtosis of the elevation field are smaller than 0.3 and 0.5, respectively, which conforms to the criteria of ripples . However, the two equilibrium phases of ripples are hard to be distinguished by the measurement of geomorphological characteristics of ripples. The empirical equation proposed by Baas (1999) based on the equilibrium time are used to differentiate these two equilibrium phases. The equilibrium time for the first phase, T e,1 , and the second phase, T e,2 , are 5.6 h and 28 h, respectively. As a consequence, surface (A) corresponds to the first phase of development, while surfaces (B, C and D) to the second phase. For both phases, the ripple crest lines become discontinuous and linguoid ripples are formed, while the equilibrium ripples are larger in size and have local sinuous crest lines as shown in Fig. 3 .
Wave spectra and second-order structure functions
Wave spectra of sand wave surfaces are shown in Fig. 4 , in which the '-3' law proposed by Hino (1968) is also depicted. The wave spectra of all surfaces are consistent with the '-3' Hino's law, which indicates that all surfaces are fullydeveloped sand waves and reach equilibrium state in the traditional sense (Hino, 1968; Nikora and Goring, 2000) . The spectral '-3' law reflects the statistical spatial self-similarity of longitudinal profiles of ripple. However, there is no significant difference between the spectra of these surfaces. Fig. 4 . Wave spectra log(E) for the sand waves beds. The x axis is transformed into the actual distance with unit of mm, rather than wave number. Also indicated is the '-3' scaling law proposed by Hino (1968) . The wave spectra are shifted vertically for clarity. Fig. 5 shows the 2DSSFs of the ripples, in which the values are normalized by the variance of the surfaces. Certain contours, D G2 = 0.5, 0.7 and 0.9, are labeled for comparison. Several features can be identified from this figure. First, all surfaces show both isotropic and anisotropic ranges. The isotropic and anisotropic ranges correspond to circles and ellipses on the 2DSSFs, respectively. The isotropic range, characterized by large Hurst exponent (dense circles at the center of 2DSSFs), corresponds to the smooth surface of ripples, while the anisotropic range characterizes the irregular distribution of ripples. Since surfaces (B, C and D) correspond to the second equilibrium phase, the size of ripples on these surfaces are larger than the ripples on surface (A), which is reflected by the increasing isotropic range for surfaces (B, C and D) . Second, the direction with the strongest correlation, the direction of the long axis of ellipses, is not always along the streamwise direction. Surfaces (B) and (D) show counter-clockwise and clockwise rotation of the ellipse largest axis relative to the streamwise, respectively. Third, the correlation length along with the direction with the strongest correlation increases significantly from the first phase (surface (A)) to the second phase (surfaces (B, C and D)) that contours with D G2 = 0.9 even cannot be enclosed in Fig. 5 . Finally, the short axis perpendicular to the developing direction shrinks significantly from the first phase to the second phase. Fig. 6 shows the generalized structure functions of bed elevations of surface (A) for q from 1 to 10. At small q the structure functions are fairly well approximated by straight lines that indicate the existence of scaling behavior. The best fit scaling exponents evaluated from the higher-order structure functions are shown in Fig. 7 . The trend of the fitted exponents does not significantly deviate from a linear trend for all surfaces, which precludes the existence of multiscaling for the ripple surfaces. Baas (1999) depicted four stages of morphological development and a two-phase equilibrium model for the development of ripples. However, the differentiation of the two phases is difficult for both the observation of the topography and the measurement of ripples. Although Baas (1999) used 'larger size' and 'local linguoid' to characterize the second equilibrium phase of ripple morphology, there is no simple and reliable method to directly differentiate these two equilibrium phases based on the morphological characteristics. In this paper, we use the 2DSSFs to characterize the development of ripples and properly differentiate these two equilibrium phases. The second equilibrium phase has following characteristics: (1) increasing isotropic range due to the increasing size of ripples; (2) correlation length along with the direction with the strongest correlation increasing significantly; and (3) correlation length perpendicular to the direction with the strongest correlation decreases significantly due to the broken of crest lines of ripples. The first and third features of the 2DSSFs correspond to the 'larger size' and 'local linguoid' described by Baas (1999) . The possible reason for the second feature may lie in the developing direction of ripples, the dominant direction of moving sand. Because of the morphological continuity along the movement of sand, the correlation length is expected to be larger along the direction of moving sand, the developing direction. However, reliable explanation of the second feature needs further study. The directions with the strongest correlation in the 2DSSFs of surfaces (B, C and D) are different, which may be attributed to two reasons: dynamic nature of the development of ripples and the erodible boundary in this experiment. However, the developing direction of dune surfaces in formed in fixed boundary deviates from the streamwise direction also, which means that the developing direction of ripples may be inherently different than the flow direction.
Higher order structure functions
DISCUSSION
Interesting results from the higher-order structure functions (HO-SFs) are derived that precludes the existence of multiscaling behavior of ripples. However, the HO-SFs based on the time series of sand waves demonstrate the existence of multiscaling behavior (Nikora and Goring, 2000; Singh et al., 2011) . The flow conditions and sand size in Nikora and Goring (2000) are close to the conditions in current experiment, and the experimental conditions in Singh et al. (2011) are different from current research significantly with flow depth, flow velocity and median grain size being larger than 1.2 m, 0.7 m s -1 and 1 mm, respectively. Sand waves in Nikora and Goring (2000) include both ripples and dunes, and Singh et al. (2011) only investigated the characteristics of dunes. The reason that the time series and the elevation field of sand waves (ripples in this study) exhibit different multiscaling behavior lies in the irregularity of spatial pattern and dynamic movement of sand waves. Nikora and Goring (2000) found that for small wavelengths, the sand wave propagation velocity is inversely proportional to the wavelength. For large wavelengths, but still within the scaling range, the propagation velocity does not depend on wavelength. The small sand waves move due to the motion of individual sand particles, while larger sand waves propagate as a result of the motion of the smaller waves on their upstream slopes. Both types of motion result in sand wave movement downstream but with different propagation velocity. Another possible reason may relate to the development direction of ripples during the flow process, as indicated by the 2DSSFs in Fig. 5 . As a consequence, the one dimensional time series of bed elevation cannot truly reflect the morphological characteristics of bed profiles that in spite of one dimensional time series of bed elevation showing evident multiscaling behavior, the elevational field does not necessarily to be multiscaling as shown in Fig. 7 .
CONCLUSIONS
In this paper, we applied the random field approach for the analysis of 3D bed elevation data of ripples. The key findings of the study include: (1) the two dimensional second-order structure functions can be used to differentiate the two equilibrium phases of ripples by three features at the second phase: relatively larger isotropic range, increasing correlation length along developing direction and decreasing correlation length perpendicular to the developing direction; (2) ripples for both the first and the second equilibrium phases do not exhibit multiscaling behavior, which means that lower order statistics are sufficient to describe the morphological characteristics of ripples.
